than other regions of the world (Mitchell et al., 1990; Maxwell, 1992) . Summer air temperatures in northern
A rctic tundra in northern Alaska forms a rich landknown that microbial biomass is the main biological scape mosaic of diverse soil, topography, lakes, component of most biogeochemical processes in terrescreeks, and vegetation types. The vegetation is repretrial ecosystems (Paul and Voroney, 1980) . Microbial sented by an array of different plant growth forms (vasbiomass interacts with ecosystem productivity and nutricular, nonvascular, woody, and herbaceous), which may ent cycling by regulating nutrient availability. Microbial change dramatically across relatively short distances biomass also determines soil C storage and contributes (Bliss, 1981; Chapin and Shaver, 1985) . This topographic to atmospheric CO 2 via respiration. However, studies variation is strongly related to moisture gradients (e.g., of microbial biomass in arctic ecosystems have been Bliss et al., 1984; Chapin et al., 1988) and the associated scarce (Cheng and Virginia, 1993). chemical, physical, and biological variables, e.g., depth Understanding the potential impacts of climate of permafrost, nutrient availability, soil anoxia, and heat change on arctic ecosystems is critical because large input Shaver and Chapin, 1991;  amounts of C are stored below ground in the arctic and Gebauer et al., 1995; Johnson et al., 1996) . Thus, beother cold regions of the world. Much current research lowground processes, such as soil respiration, microbial in the Arctic is directed toward developing models for activity, and nutrient mobilization and immobilization, predicting landscape patterns of water discharge, N are key elements that control ecosystem function in availability, vegetation types, C flux, and net primary these ecosystems (Chapin and Shaver, 1989, 1996) .
productivity (e.g., Reynolds and Leadley, 1992 ; Leadley Several modeling studies predict that climate change et al., 1996; , particularly in relation to in the near future will affect high latitude regions more the potential impacts of climate change (Starfield and Chapin, 1996; McKane et al., 1997a,b) . In order for these Cotton grass forms tussocks that can be elevated 10 to 15 along an elevational toposequence in a small arctic wacm above the intertussock areas that are covered mainly by tershed. Our objectives were to examine: (i) the relasphagnum mosses.
tionships between mineral N, microbial biomass, and Soil from water tracks is found in small drainage-ways of respiration in arctic soils within both spatial and tempointermittent water flow in the midslope areas (see Chapin et ral dimensions; and (ii) soil temperature, moisture, and Hastings et al., 1989; Oberbauer et al., 1989 Oberbauer et al., , 1991 slope position as controlling factors in determining soil for detailed descriptions of water tracks). The vegetation in organic matter decomposition and nutrient availability.
water tracks consists mainly of two deciduous shrubs, Betula nana L. and Salix pulchra L., with extensive undercover of sphagnum mosses. Soils in water tracks are predominantly
MATERIALS AND METHODS
organic with some minor mixing of clay materials carried by Site Description the water flow through the track from the upslope systems.
Riparian tundra is located along the Imnavait Creek at the This study was conducted at the U.S. Department of Energy bottom of the slope. The riparian vegetation is dominated by R4D study site in the Imnavait Creek watershed in the northgraminoids, mainly Carex aquatilis Whalenb., with a thick ern foothills of the Philip Smith Mountains in arctic Alaska moss cover (see Oberbauer et al., 1992 , for detailed site de-(68Њ38Ј N, 149Њ25Ј W). Sampling was carried out on a southscriptions). west-exposed slope in six different tundra ecosystems forming a toposequence at which three types (lichen heath, dry cassi-
Soil Sampling and Measurements
ope dwarf-shrub tundra, and moist carex dwarf-shrub tundra) are located on the top of the ridge, two types (tussock tundra
The experimental design of this study consisted of the six and water track) are distributed in the midslope, and one type different tundra types described above and six replicate plots (riparian) is at the slope bottom located along Imnavait Creek.
within each type. In the tussock tundra, two types of samples Plant communities, topography, and soils at the R4D site were taken, one on the tussock and the other between tussock have been described in detail by Walker et al. (1989) and areas. These two types of samples from tussock tundra were are summarized in Table 1 (site description) and Table 2 treated as different tundra types in the following analysis and (soil properties). discussion. Surface soils were sampled five times during the Lichen heath is found on the well-drained and most exposed growing season of 1990. Samples of 0-to 5-cm depth below areas on the top of the ridge. The plant community consists the live moss layer (or soil surface where no green layer exmainly of lichens and ericaceous shrubs such as alpine bearisted) were taken from six replicate plots under each plant berry [Arctostaphylos alpina (L.) K. Spreng]. Soils in lichen community type using a 10-cm-diam. soil corer (at the three heath are Pergelic Cryochrepts with a thin surface organic ridge-top areas) or by cutting of a 10 by 10 by 5 cm volume. horizon and a relatively high bulk density. Bare areas are common in lichen heath. Samples were returned to the laboratory at Toolik Lake Field cose) CO 2 evolution from the sample was measured in the same way as the basal respiration mentioned above. Station (within 20 km of the study site) and immediately stored
The SIR of each sample was converted to microbial biomass at 4ЊC. Dimensions of each soil sample were recorded at the C using the equation developed by Anderson and Domsch time of sampling and were used to calculate soil bulk density. (1978) . Microbial biomass, estimated by the fumigationCare was taken to minimize the effect of compression on extraction procedure, was highly correlated with substratethe actual dimensions recorded. All subsequent analyses were induced respiration measurements (P Ͻ 0.001) across all habidone within 2 wk after soil collection. Major live plant materitats (Cheng and Virginia, 1993) . There are some indications als (roots and shoots) and pebbles (size Ͼ 3 by 3 by 3 mm) that the fumigation-extraction procedure may overestimate in each sample were separated by hand and discarded. Coarse microbial biomass C in organic soils (Jenkinson, 1988 ; Cheng organic materials were cut into smaller pieces (Ͻ2 cm). Each and Virginia, 1993) . In this study, all microbial biomass C sample was homogenized by hand mixing. We restricted our values were measured by SIR method. sampling to the 5-cm soil layer on the assumption that most biological activity occurs in this layer due to the high temperature and the high quality of the organic matter. Microbial
Data Analysis
biomass C content in the surface layer is nearly double that Studies of tundra ecosystems have reported high variation in the next soil layer (i.e., 5-10 cm) (Cheng et al., 1996, unpub- in soil characteristics among soils under different plant comlished data). munity types Nadelhoffer et al., 1991) . A subsample of ≈ 10 g of fresh soil from each site described This high variation, especially in organic C content, makes above was oven dried (60ЊC, Ͼ48 h) for gravimetric soil water cross-type comparisons nearly meaningless if soil parameters content. Soil bulk density was calculated using the sample are expressed only on a per gram soil basis, as is usually the volume measured at the time of sampling, total fresh weight case in the general soil literature. Therefore, we report our of the sample, and the water content. Bulked, oven-dried soils results in three types of units, i.e., per kilogram, per gram of were analyzed for: (i) total C using the wet digestion procedure soil C, and per unit of soil or solution volume. Virtually all of Yeomans and Bremner (1988) , (ii) total organic N by a primary measurements were per gram soil based. The other micro-Kjeldahl digestion method followed by colorimetric two units are conversions using soil bulk density and soil C analysis of NH ϩ 4 on a Technicon II Autoanalyzer (Technicon content data. Per-gram-soil-based units were used in analyses Industrial Systems, Tarrytown, NY), and (iii) organic matter concerning within-ecosystem phenomena such as temporal by combustion (500ЊC, 4 h).
dynamics. The other two types of units were employed where In situ soil temperatures at 1 and 5 cm below the moss cross-type comparisons, landscape patterns, and correlation surface were measured continuously at a single site in each between measurements were the primary concerns. All statiscommunity type with the exception of the lichen heath. Thertical comparisons between means were carried out using Fishmocouple sensors were read using a Campbell 21X microloger's least significant difference (LSD) method. ger (Campbell Scientific, Logan, UT) operating with 5-min scans and storing data as hourly averages. In addition to the continuous monitoring, soil temperature data were also ob-
RESULTS
tained at 1-and 5-cm depths seven times during the season The soils of the study sites differed considerably in using 24-gauge copper-constantan thermocouples threaded bulk density, organic C, and total N ( Table 2) . Lichen through 4-mm-diam. wooden dowels inserted into the soil. Thermocouples were installed several days in advance of the heath and dry cassiope shrub tundra soils from the upper measurements and read with a Campbell 21X micrologger ridge had higher bulk density and contained more minusing the internal panel reference. eral materials than the other sites. The midslope tussock Twenty grams of fresh, homogenized subsamples were tundra and intertussock tundra soils were highly organic weighed into 250-mL plastic bottles and 100 mL of 2 M KCl (431 and 390 g C kg Ϫ1 ) and had high C/N ratios (91.5 and was added. The bottles were then shaken for 2 h on an orbital 60.7). Water-track and moist carex dwarf-shrub tundra shaker. The shaken mixtures were filtered through Whatman soils were also organic (346 g C kg Ϫ1 ) but contained no. 40 filter paper. The extracts were acidified by adding one was the lowest (Fig. 3b) . Supplemental temperature measurements revealed that among the three soil types located near the ridge top, lichen heath soil had the highest soil temperature and moist carex the lowest (Fig. 4) . During the growing season, the concentration of extractable NH ϩ 4 -N (per gram soil) decreased in tussock and intertussock soils, increased in lichen heath soils, and changed significantly, but not unidirectionally, in moist carex shrub tundra and water-track soils (Table  3) . No significant changes of NH ϩ 4 -N concentrations occurred through the growing season in dry cassiope ing season progressed, with the highest concentration found at the last sampling date (Table 4 ). In contrast, soil) for each soil type indicated that NH ϩ 4 -N was the soil NO Ϫ 3 -N peaked at the midsampling for water track dominant form in all habitats (Tables 3 and 4) . Nitrate and riparian. N existed at low levels and probably played a lesser role Seasonal averages of NH ϩ 4 -N and NO Ϫ 3 -N (mg N kg Ϫ1 in supplying N for plants in these arctic systems except midsummer sampling date in lichen heath and waterfor the soils of dry cassiope shrub tundra and lichen track soils. heath where NO 3 levels were considerably higher. Mean Seasonal averages of microbial biomass C (mg C g Ϫ1 concentration of NH ϩ 4 -N (mg N kg Ϫ1 soil C) during the soil C) indicated that water track and lichen heath soils whole growing season was significantly lower in tussock had the highest microbial biomass C, whereas tussock, soils than in water-track, moist carex shrub tundra, and dry cassiope, and riparian soil had the lowest microbial dry cassiope shrub tundra soils.
biomass C (Table 6 ). Seasonal changes of basal respiration at 22ЊC (mg The ratio of basal respiration to SIR has been consid-CO 2 kg Ϫ1 soil h Ϫ1 ) declined as the growing season proered as a CAI (Parkinson and Coleman, 1991) . The CAI gressed for most of the soil types (Table 5 ). Basal respishowed a general decreasing trend across all soil types ration significantly decreased between the first and the through the growing season ( Table 7 ). The CAI in the second sampling dates in tussock, intertussock, and riwater track significantly decreased from the first samparian soils, and between the first and the third sampling pling date to the third sampling date and then remained dates in dry cassiope shrub tundra soils, and between fairly constant until the last sampling. A similar pattern the second and the third sampling dates in dry cassiope existed in moist carex shrub tundra. shrub tundra soils and moist carex shrub tundra soils.
Seasonal averages of the CAI in the 0-to 5-cm layer However, no significant change in basal respiration bewere related to slope positions. The lowest CAI octween sampling dates was found in lichen heath soils. curred in the dry mineral lichen heath soil on the top Seasonal averages of basal respiration at 22ЊC (mg of the hill, the highest CAI in the wet organic soils (i.e., CO 2 kg Ϫ1 soil C h Ϫ1 ) were the highest for water-track riparian and water track), and intermediate values in soils and the lowest for the lichen heath soils (Table 5) . midslope moist soils (Table 7) . These basal respiration (mg CO 2 kg Ϫ1 soil C h Ϫ1 ) rates Many measurements in this study were significantly represent C turnover rates under standard conditions correlated with each other (Table 8) . One important (i.e., potential C turnover rates). These turnover rates result was that NH ϩ 4 and NO Ϫ 3 contents were negatively tended to correspond to the landscape position of the and significantly correlated with soil C content. In consoil types. Higher potential C turnover rates occurred trast, basal respiration was positively and significantly at wetter sites while lower values were found in relacorrelated with soil C content. Soil water content (both tively drier sites.
kg kg Ϫ1 and g cm Ϫ3 ) was positively correlated with CAI. Microbial biomass C (g biomass C kg Ϫ1 soil C) in the Soil water content (both g g Ϫ1 and g cm Ϫ3 ) was also 0-to 5-cm layer did not change significantly through positively correlated with per gram C based basal respithe growing season for intertussock and riparian carex ration or potential C turnover rate. Microbial biomass soils (Table 6 ). There was a noticeable increase of micro-C was positively correlated with NH ϩ 4 and NO Ϫ 3 conbial biomass C at the last sampling date in dry cassiope tents. Ammonium content was positively correlated with NO Ϫ 3 content. shrub tundra and moist carex soils as well as at the 
Temporal Dynamics
carex shrub tundra soil need further investigation. Carbon availability to microbes in these arctic ecosysSeveralfold increases in NO Ϫ 3 concentrations occurred tems was generally high at the beginning of the growing in lichen heath and dry cassiope shrub tundra soils durseason when the CAI of all sites was the highest (Table  ing the later part of the growing season (Table 4 ). In 7). These results tend to support the hypothesis that contrast, the levels of NO Ϫ 3 in the other soils were generfreeze-thaw processes during late fall and early spring ally low. The presence of NO Ϫ 3 in these arctic ecosystems periods produce more C available to the microbes from has also been reported by Giblin et al. (1991) . Nitrate the rupture of microorganisms and release of solubleconcentrations in water-track and riparian soils signifi-C substrates (Skogland et al., 1988) . Among the study cantly increased at the midsummer sampling date and sites, soil basal respiration under standard temperature returned to the previous level at the next sampling date. and moisture conditions showed a trend similar to the The exact cause of this midsummer increase in NO Ϫ 3 -N CAI in terms of seasonal changes, highest at the first in these two soils is unknown. The increase could represampling date and decreasing afterward (Table 5) . sent in situ production or perhaps it is more likely that The decreasing trend in NH ϩ 4 concentration in tussock NO Ϫ 3 was transported from the hilltop ecosystems since soils indicated that either N immobilization, plant upthis midsummer increase in NO Ϫ 3 -N coincided with a take, or both were dominant throughout the growing relatively heavy rainfall event and water movement season and that most N mineralization occurred during downslope (see Fig. 1 ). This mechanism of N transport the late fall and early spring (Table 3 ). This result agrees along the toposequence has been demonstrated to operwell with those of Giblin et al. (1991) , who showed, using ate in rolling arctic landscapes (Chapin et al., 1988 ; Obthe buried-bag technique, that net N mineralization only erbauer et al., 1989). Giblin et al. (1991) reported that occurred during the nongrowing season in tussock tuna considerable amount of NO Ϫ 3 accumulated in their dra soils at another arctic site. The trend of increasing resin bags in lichen heath soil. NH ϩ 4 concentration through the growing season in liIn general, little temporal variation in microbial biochen heath soil may mean that net N mineralization mass C was found in these arctic soils during this growing took place during the growing season. This result supseason. Two exceptions included the noticeable increase ports one of the findings of Giblin et al. (1991) that net at the last sampling for dry cassiope shrub tundra and N mineralization occurred in their hilltop heath soils moist carex tundra soils and at the midsummer sampling only during the growing season. Many factors may be date for lichen heath and water-track soils. These results causing the fluctuation in NH ϩ 4 concentration observed do not support the commonly postulated idea that miin both water-track and moist carex shrub tundra soils, crobial biomass is the lowest at the beginning of the such as N transport due to water flows (Chapin et al., growing season due to winter freezing kill (e.g., Skog-1988; Oberbauer et al. 1989) , changes in the depth to land et al., 1988) . One reason for these relatively constant microbial biomass C results might be that the first the water table (Oberbauer et al., 1992) , and changes sampling date was not early enough to detect the lowest have been preserved and accumulated since soil saturapoint. Early sampling before the start of spring thaw tion and inundation would lead to anoxia and low microwould be required to test this possibility. The increase bial respiration. Oberbauer et al. (1992) reported that in microbial biomass at the last sampling date might CO 2 efflux from riparian tundra systems was strongly have been caused by the relatively warmer and drier influenced by depth to water table. Other studies reconditions prevalent before and at the time of sampling ported that wetter sites tended to have larger accumula-(see Fig. 1 and 2) . The increase in microbial biomass C tions of soil organic matter (Walker et al., 1989) . Water at the midsummer sampling date in water-track soil undoubtedly plays a very important role in soil organic might have been caused by transported substrates due matter accumulation and losses in these arctic ecosysto heavy rains recorded a few days before the sampling tems (Funk et al., 1994) . These results imply that any date. This was the same period when NO Ϫ 3 also peaked climatic changes that alter soil water conditions will in this system. have profound effects on C accumulations or losses in these tundra ecosystems. Draining of those wetter sites
Spatial Variation
will result in a pulse of C losses due to the initially higher C availability at those sites. The spatial variation in basic properties of these soils Soil moisture conditions in these arctic soils also was extremely large and is typical of arctic soils (Nadelstrongly affected potential C turnover rates (i.e., per hoffer et al., 1992). Carbon content ranged from 115 to gram soil C based basal respiration rates). Higher poten-431 g C kg Ϫ1 . Total N content ranged from 5 to 16.6 g tial C turnover rates occurred at wetter sites while lower N kg Ϫ1 , with the resulting C/N ratio varying from 19.4 potential rates were found at drier sites. These results to 91.5. Bulk density ranged from 0.06 to 0.38 g cm Ϫ3 ,
imply that soils at the wetter sites have a higher potential typical for organic soils. Soil moisture increased systemfor losing C, whereas soils at the drier sites have lower atically from the ridge top to the stream bank. Soil C loss potential. This pattern agrees well with the abovetemperature at the surface also significantly differed discussed pattern for CAI. among these soils ( Fig. 3 and 4) .
Tussock soils had low potential C turnover rates but Carbon availability indexes in the 0-to 5-cm layer had a CAI that was similar to the other midslope soils. were related to slope position. The lowest value ocThis finding indicates that factors other than C availabilcurred in the dry mineral lichen heath soil on the ridge ity, such as temperature and N availability, could be top, the highest values in the wet organic soils (i.e., important in determining the C turnover rate of tussock riparian and water track), and intermediate values in soil C. Seasonal mean soil temperature at the 1-and midslope moist soils. The CAI was positively correlated 5-cm depths was the lowest at the tussock tundra site with both per-gram-soil-based and per-volume-based soil water contents. In the wetter soils, available C might (Fig. 3) . Nitrogen may be highly limiting in tussock tundra. Mineral N contents of both tussock and intertusThis result may be explained by the higher organic C content normally associated with more fresh plant matesock soils were low compared with other soils (Tables  3 and 4) . These results are consistent with other reports rial with lower C/N ratio in the surface soils, which have a higher amount of available C and higher N immobilizain the literature (Chapin and Shaver, 1985; Shaver et al., 1986; Marion et al., 1987) . The short-circuit in N tion potential. This may also indicate that net N mineralization is partially decoupled from C mineralization in cycling due to direct uptake of organic N by cotton grass may play an important role in this low-N-availability soils having more fresh plant materials. We have found that the amounts of the microbial environment (Chapin et al., 1993; Kielland, 1994) . Nitrogen limitation in tussock soils may also cause higher C/ biomass C are significantly correlated with the amounts of mineral N in the toposequence. It is widely known N ratio of microbial biomass (Cheng and Virginia, 1993) and decoupling of N mineralization from C mineralizathat microbial biomass is the main agent for most biogeochemical processes, including N mineralization and tion (Marion and Black, 1987; Giblin et al., 1991; Nadelhoffer et al., 1991) . Nitrogen availability in tussock tunimmobilization (Paul and Voroney, 1980) , and that microbial biomass often comprises a major portion of the dra has been a focal point in several recent studies of potential effects of climatic change on chemical cycling active nutrient pool. Nadelhoffer et al. (1991) and Giblin et al. (1991) found no correlation between N mineralizain arctic ecosystems (Leadley and Reynolds, 1992; Moorhead and Reynolds, 1993) . tion and soil respiration. Moorhead and Reynolds (1993) found no constant relationship between mineral Microbial biomass C averaged for five sampling dates during the growing season did not correspond to the N pool size and either CO 2 efflux or net N immobilization in simulations. Based on these observations, we toposequence of the sampling sites. Higher proportions of soil C were found as microbial biomass C in watersuggest that microbial biomass may have overall control on N availability in this arctic toposequence even though track and lichen heath soils whereas the lower values the N cycle may be decoupled from the C cycle. were found in riparian, tussock tundra, and dry cassiope shrub tundra.
Microbial biomass values (g C kg Ϫ1 soil C) in these affect the ratio of microbial biomass C to total soil organic C. have shown similar results, e.g., Oberbauer et al. (1991) .
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was positively correlated with soil organic C content.
